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ABSTRACT
Adhesion tests such as the microindentation test, four-point bending test,
peel test and lap-shear test were evaluated for measuring the adhesion of
polymer coatings used for protecting microelectronic devices. Polymer coatings
to substrates involved polyimide and epoxy to glass, aluminum and other
metals evaporated onto silicon wafers. The results showed that the
microindentation test agreed well with previously published results. The
adhesion data also correlated well with the moisture protection capability
index, pQ. Moreover a microindentation test was used to study the effect of
film thickness on adhesion. It was found that the higher the residual stress
found in thicker coatings, the greater the tendency for delamination of the film
from the substrate. The hydrolytic stability of the coating/substrate interfaces
was also monitored by the indentation test; for all coating investigated, it was
found that the adhesive strength decreased with pressure-cooker test(PCT)
exposure. Hydrolytic degradation of the coatings was confirmed by
differential scanning calorimetry and contact angle measurements; it was found
that the glass transition temperature and the contact angle values decreased
with the PCT exposure. As the coating degrades hydrolytically, it therefore
becomes more hydrophilic in nature. The surface modification of the substrate
was also done in the epoxy/glass system in order to study the effect of acid-base
interactions on the adhesion. It was found that the surface modification of
alkaline glass with acid enhanced the adhesion of basic epoxy to glass.
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1. INTRODUCTION
The driving forces in microelectronic packaging today are cost, performance,
and physical space limitations. It is the demand for high reliability at low cost
that encourages the growth of polymer-encapsulated devices. Polymeric
coatings are often used as interlevel dielectric and passivation layers to protect
microelectronic IC devices and prolong their life. The reliable performance of
these coatings III the presence of moisture, ionic impurities, and hostile
environmental conditions is a major concern in the use of ,polymers as
encapsulants. The sorption of water in polymer encapsulants can significantly
alter their physical and mechanical properties plus affect performance. In
microelectronics, there is an increasing need for polymers with high purity.
Polymer purity may affect electronic device performance in term of
reliability. Ionic impurities, electric fields and the presence of moisture can
induce intermetallic corrosion failures in microelectronic devices during
accelerated conditions[1,2]. Nevertheless, the use of polymers as microelectronic
encapsulants offers additional advantages in improved planarization of metal
steps, 'low temperature processibility, and reduction of mechanical stresses[3].
In addition, physical and mechanical properties of polymers can be tailored
according to the intended application.
The adhesion between the coating and its substrate depends critically on the
mechanical properties, chemical structure, and physical characteristics of a
coating. The adhesion is also dependent on the chemistry and physics of the
interface, and on stresses in the film and substrate[4]. Poor adhesion of
polymeric coating at an interface will lead to high concentrations of
mobile water molecules and as a result will cause a loss in its
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its passivation function, promoting corrOSIOn and device failure. To
avoid moisture and ionic contamination-induced failures of microelectronic
devices, it is required to have good adhesion of polymer to an underlying
surface, preventing the formation of water films at the interface.
Reliable methods of measuring the adhesive bond strength between
passivation layers and the substrates are needed to determine the performance
of polymeric coatings. Adhesion bond strength involves either cohesive failure
which is dependent on film properties or interfacial failure which is the failure
at the interface between the film and substrate. A great deal of work has been
put into the development of reliable techniques for determining the adhesive
strength of coatings by many researchers[5,6]. Such techniques are peel test,
blister test, scratch test, lap-shear test, and microindentation test. So far, no
adhesion test is ideal and the results often cannot be correlated directly with
one another. Therefore, one wants to measure an inherent material property,
i.e. an adhesion parameter in which the geometric influences are known.
Background
1.1 Polymers for Microelectronic Encapsulation
Today, hundreds of polymers could be used for device encapsulation. The
requirements for polymers to be an integral part of integrated circuits are
indeed so stringent, that only few types of polymers are worth considering.
These polymers are polyimide, epoxies and polysiloxanes[7].
Polyimides have been used extensively in the electronic industry as
dielectric and passivation layers in electronic devices because of their
high thermal stabilities and excellent mechanical properties[8]. Polyimides
3
have service temperatures in the range of 150°C to 350°C, but are capable of
remaining stable up to 600° C for short periods of time. The temperature
stability, combined with high wear resistance, chemical and solvent resistance,
and high degree of planarity, have made polyimides a popular interlevel
dielectric material. Polyimides have some drawbacks which include high water
absorption, high coefficient of thermal expansion and low thermal conductivity.
However, some of these problems are overcome with new types of polyimides
which have low water absorption, low thermal expansion coefficients and low
dielectric constants. Although most polyimides have a relatively high modulus
with required maximum cure temperature of 200° C, some require up to 400° C
to cure. This high temperature curing and the mismatch of thermal expansion
coefficient between polyimide and substrate can cause residual stress.
Nevertheless, polyimides still have less residual stress than inorganic
dielectrics[9].
The synthesis of polyimides involves the formation of a polyimide precursor
polymer(polyamic acid) by a polycondensation reaction of an acid dianhydride
with a difunctional amine, followed by the imidization process at higher
temperature to remove the solvent, water, and to form a covalent bond in a
two-step ring closure[10]. Temperature higher than 300° C may be required to
complete the imidization process, depending on the final glass transition
temperature of the polyimide formed. The final cure is critical in determining
the superior properties of polyimide. Figure 1[10] shows a typical synthesis of
polyimides.
Epoxies are another class of polymer that are the most widely used for
device encapsulation. Most epoxies exhibit shrinkage during cure, good
4
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Figure 1[10]: A typical synthesis of polyimides involving the polycondensation
reaction between an aromatic dianhydride and an aromatic diamine
5
adhesion to most surfaces, excellent environmental stability, and ease of
processing[8] . The excellent adhesion characteristics of epoxies are due to
their highly polar and active surface nature which can provide both
chemical and mechanical bond. Epoxies have good resistance to most
chemicals which makes their repair more difficult than for polyimides. Fillers
such as carbon black and silica are often added to epoxies to reduce curing
shrinkage, increase the strength of the epoxy, and lower the thermal
expansivity. Epoxies are usually liquids containing no solvents which give
several advantages over solutions. These pure liquids allow thicker coatings
with less pin holes and small residual stress. Epoxies are generally stable up to
1500 C, above this temperature electrical and mechanical properties degrade.
The drawbacks of epOXIes IS its hydrolytic instability. Water can act as
plasticizer[ll], reducing the glass transition temperature[12], changing
mechanical properties [13], and changing the dielectric properties of
epoxies[14,15]. Water can also partially hydrolyze epoxy networks[16]' causing
dimensional changes and increased stresses[17].
,.
The synthesis of epoxies involve a step polymerization reaction of 2,2'-bis(4-
hydroxyphenyl)propane of bisphenol A and epichorohydrin to form epoxy
prepolymer, called the diglycidyl ether of bisphenol A(DGEBA). The low
molecular weight liquid prepolymer is then cured, or cross-linked, at room
temperature or at higher temperature about 1500 C by the addition of di
anhydride or polyamines[18]. The crosslinking occurs either through the epoxy
end groups or the hydroxyl groups. Figure 2 shows the typical synthesis of
epoxy resm.
Polysiloxanes are not entirely organic in nature. They are considered as a.n
organo-metallic, because of their silicon-to-oxygen backbone structure.
6
Figure 2[18]: A Typical Synthesis of Epoxy Resin
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Polysiloxanes are available as solvent solutions, room temperature vulcanizing
elastomers(RTVs), and solventless resins. All polysiloxanes have superior
thermal stability and excellent electrical properties than either epoxies or
polyimides[8]. They can retain their elastic and electrical properties at
temperatures as low as -1200 C to as high as 3000 C. Polysiloxanes can provide
good corrosion resistance due to the very high concentration of this material at
the coating/substrate interface. Their superior properties require the optimum
curing. Possible drawbacks of polysiloxanes are their poor adhesion to most
substrates, very high thermal expansion coefficient, and very low modulus.
In this report, the emphasis will be placed on polyimides and
epOXIes.
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1.2. Adhesion Theories[19]
Adhesion is the summation of the intermolecular interactions(ionic,
covalent, polar, and van der Waals) between two materials. It can be expressed
either in terms of forces or work of attachment. In any adhering system,
adhesion has two forms: work of adhesion and practical adhesion.
The work of adhesion is the change in Helmholtz free energy per unit area
of interface in a hypothetical experiment in which the two phases are
completely separated without change in area[20]. Work of adhesion, which
depends mainly upon interfacial phenomena, is the summation of all
intermolecular or interatomic interactions. These interactions could be
electrostatic, chemical, or van der Waals type. The term work of adhesion is
meaningful if there is a well-defined interface between the adhering phases. The
work of adhesion can be theoretically calculated or indirectly determined when
the adherate is in liquid form. In this form, one can calculate the
thermodynamic work of adhesion in terms of it wetting behavior[21].
Thermodynamic work of adhesion is the reversible work done in creating a
unit area of the interface between two substances, A and B. The work
of adhesion, WAB' can be expressed as:
WAB = 'A + 'B - , AB' ...... (1 )
where 'A corresponds to the specific surface free energy of substrate A; 'B
corresponds to the specific surface free energy of substrate B; and,AB
corresponds to the interfacial specific free energy. The work of adhesion is
based on the change in free energy of the system before and after the contact is
made between A and B. Solid-liquid or liquid-liquid phases are necessary for
determining the work of adhesion.
9
Practical adhesion between two solids involves separation at the interface,
interphase, or in the bulk of the weaker adhering phase. If the separation occurs
at the interface, then the separation is termed adhesive failure, and if separation
occurs in A or B then it is cohesive failure. The forces required to disrupt the
interface or interphase can be applied in various forms(shear, tensile, or mixed).
Therefore practical adhesion can be expressed in terms of either a critical tensile
strength, or a critical shear strength. Practical adhesion can also be evaluated by
a fracture mechanics approach. This approach makes use of linear elastic fracture
mechanics to quantify adhesion in terms of a critical interfacial fracture
toughness.
Work of adhesion can be inferred indirectly from practical adhesion tests if one
knows the influence factors such as film thickness, test rate, measurement
technique, etc. on practical adhesion. However, in real material systems, the
existence of a clear-cut interface, and the occurrence of clean separation at that
interface are often not realized. Therefore, describing adhesion using interfacial
fracture toughness values is more practical.
1.3 Approaches for Measuring Adhesion
Adhesion measurements can be classified into three groups depending on
the approach taken. Three common approaches to adhesion measurements are 1)
chemical, 2) strength of materials and 3) fracture toughness.
1) Chemical Approach
Contact angle is a nonmechanical method to determine the work of adhesion.
It is a powerful means of understanding the chemical and physical nature of the
10
surface. Especially, the advancing contact angle has commonly been linked to
measurements of wettability and surface energy[21]. In the contact angle
method(see Figure 3), the interfacial forces can be determined using Young
Equation:
........ (2)
where 'L is the surface tension of liquid-vapor interface; 'S is the surface
tension of solid-vapor interface; and 'SL is the surface tension of solid-liquid
interface. The work of adhesion as mentioned previously, can be determined using
contact angle 8. Young's equation then can be modified as:
...... (3)
Contact angle has been used intensively to determine the thermodynamic work of
adhesion, and surface chemistry by Fowkes[20]. This technique is simple,
accurate, and low cost, but it has some drawbacks. The lack of ability to
distinquish the causes for the reduction of interfacial strength
concerned.
2) Strength Approach
. .
IS a major
Adhesion can also be determined in term of the strength. A strength
parameter depends on the interfacial fracture energy and strength-controlling
defects, as well as on the nature of the strength measurement technique(shear or
tension) and on any residual stresses in the coating. In general, bond strength
involves the tension mode and shear strength involving the shear mode[Figure
4][22]. Both bond strength and shear strength can easily be obtained by
microindentation tests. Although shear strengths are often measured using a lap
shear test. Bond strength can be determined using a microindentation test.
11
DROP
Figure 3[20]: Interfacial forces at the droplet/solid interface
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Conway and Thomsin[23] used the microindentation 'test for determing bond
strength and related it to the adhesion of a polyimide film on a silicon substrate.
Sura and Rhinehard[24] also used . this technique for bond strength
measurement of a polyimide on ceramic system. In general, bond strength can be
obtained from the radial bending moment, Mr, and the vertical normal force, Q,
using linear plate theory by assu~ing that the interfacial tensile stress at the
radius of a debonded film is the criterion for bond failure, and that the film
behaves as an elastic medium on the rigid substrate. Shear strength can be
determined either by microindentation test or lap-shear test.
In case of shear strength by microindentation test, Lin et al[25,26] analyze
adhesion in terms of the interfacial shear strength, based on the types of failure
modes(see Figure 5). Two types of failure modes were considered. The first type
of failure mode(called Type II after Lin et al) consists of a lateral crack initiated
by the load on the coating. The interfacial shear strength, T c, for this type of
failure mode can be obtained as:
TC = HCf(bc / h, II, k) (4)
where HC is the hardness of the coating; h is a coating thickness; k is the ratio of
the hardness to yield strength; bc is half the diagonal length of the indentation,
and f(b/h, II, k) uses a modified Bessel function of the second kind. The second
type of failure mode(called Type III after Lin et al.) consists of a lateral crack
initiated by the load shared between the coating and the substrate. For this type
of failure mode, the interfacial shear strength still can be obtained from the first
types of failure modes except with some modifications on the load sharing between
the coating and the substrate.( more detail provided in the experimental section)
In the case of shear strength by lap shear test, Sancaktar[27] found that the
lap shear test lacks the ability to discriminate between surface treatments and the
13
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Interface
Figure 4[22 ]: Schematic representation of tension and shear modes
in bond strength and shear strength
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TYPE I (Elastic deformation under the indenter)
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TYPE II (Plastic deformation under the indenter)
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Figure 5[25]: Types of Debonding on Indentation of the Coating
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effects of hostile environments and stresses during exposure. This technique gives
mixed modes which result from the distortion caused by loading and nonuniform
distribution of stress. However, the shear strength by lap shear test can be
obtained directly from the load at failure divided by the overlaped area.
Peel strength, generally obtained from the peel test, is another type of
strength used in the adhesion determination. Peel strength is the peel force
divided by the specimen width. The mechanics of the peel test are quite
complicated and have been studied by many researchers[28,29]. Peel strength is
influenced by many factors, such as the mechanical properties, the thickness of
the coating, the peel rate, and the angle of peeling[30]. Angle controls whether
shear or normal stress. Peel test differs from the other tests in that a debonded
zone already exists(i.e. more like a fracture toughness approach). This technique is
suitable for those interfaces which exhibit relatively poor adhesion.
3) Fracture Toughness Approach
The toughness approach make use of linear elastic fracture mechanics to
quanify adhesion. The interfacial fracture energy, which is a measure of the
energy required to create a unit area of interfacial crack. The interfacial fracture
energy(or resistance to crack propagation) is calculated from energy balance
considerations and is measured by determining the load required to extend an
interfacial crack of know geometry. The adhesion measurements using the
fracture toughness approach can be determined either by microindentation test,
four-point bending test or peel test.
The microindentation test were used to quantify adhesion by Evans and co-
workers[31-33]. They performed a fracture analysis of indentation debonding of
coatings by treating the coating debonding as a lateral crack and assuming the
16
coating above the debonded region to be a rigidly clamped plate(more detail
provided in the experimental section). The strain energy release rate, G, was
derived based on the changes in strain energy as a function of the crack length as:
G = (1-v2)hO"R2/2E, (5)
where h is the thickness of the coating: v is the Poisson's ration of the coating; E
is the Young's modulus of the coating and O"R 1¥ the radial compression. The
interfacial fracture toughness, Kc, then can be determined from the strain energy
release rate as:
.......... (6)
This analysis is based on the assumption that the indenter does not penetrate
through the film and that the debonded region of the film is not in contact with
the substrate at the center of the indentation.
The four-point bending test is another technique to determine adhesion in
term of fracture toughness. It first was introduced by Evans et al[34,35] for
adhesion measurement of bimaterial interfaces. This technique subjected the
cracked ligament to constant moment conditions within the inner loading lines.
The steady-state strain energy release rate, G, for the interface crack, then can be
evaluated using the Euler-Bernoulli beam theory by simple obtaining the
difference in the strain energy in the uncracked and cracked beam[26].·
The 900 peel test can also be used to determine adhesion in term of interfacial
fracture energy[36]. This technique makes use of slender beam theory to
determine the deformation of the coating. The coating is assumed to be a linear
viscoelastic material, which is peeled away from a rigid substrate. For elastic
peeling, the peel force is a direct measure of the interfacial fracture energy. An
energy balance is often used to relate the experimentally measured peel force to
the interfacial fracture energy.
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1.4 Objectives
The objective of this research is to understand the fundamental properties of
passivation coatings/substrate interfaces and then to find an appropriate adhesion
test which can be correlated with the encapsulation properties of polymer. Four
different types of adhesion tests, 1) peel test, 2) microindentation test, 3) four-
point bending test, and 4) lap shear test were chosesn to characterize the adhesion
properties of commercial polyimides and epoxies on various substrates. This
research also investigates the effect of coating thickness, surface cleaning method
and hydrolytic instability on coating adhesion. Finally, adhesion measurements
were correlated with encapsulation performance of coatings determined by leakage
current measurements using Triple Track Testers.
18
2. EXPERIMENTAL
2.1 Sample Preparation
The polymeric coating materials used in the adhesion measurement studies
were processed in either the solution form or the pure form. Their trade names,
manufacturers, chemical composition, and physical properties are listed in Table
I. The substrates used in the adhesion studies were silica(glass), silicon wafers,
99.9% aluminum, and various metals evaporated onto silicon wafers. Prior to
coating, all substrates were chemically cleaned. The following wet and dry
cleaning procedure listed in Table II, are used depending on the type of
substrates. Right after the cleaning, the polymeric coatings are applied to the
substrates by either spin coating, die coating, flow coating or doctor blade. In the
case of metals evaporated silicon wafers, the metals were evaporated immediately
prior to the application of coatings. Copper, aluminum, and gold were
evaporated, and silicon nitride was chemically vapor deposited) at 725° C onto
cleaned silicon wafers. The coating method, the curing procedure, and the
measured thickness of the coatings are summarized in Table III.
2.2 Accelerated Stress Testing
The Pressure Cooker Test(PCT), and 85°Cj85% RH were used to accelerate
the encapsulant aging process. The experimental set up for these stressing
conditions was as follows:
peT Method
1. Coated specimens were put in Petri dishes as per the schematic diagram
19
2. The specimens were kept in PCT(12r C/ 100% RH) for 1, 3, 7, 10 and 14
days.
Chamber
Specimens
Heater
3. After the stress conditions, the specimens were subjected to adhesion studies.
85/85 Method
1. Coated specimens were put in Petri dishes as shown above.
2. The specimens were subjected to in the stress condition of 85° C/ 85% RH in
a Blue M Humidity Chamber model No. FRM-386B for 1000, 2000, and 5000
hours.
3. After the stress conditions, the specimens were subjected to adhesion studies.
20
Table I: Description of Organic Coatings Used in Adhesion Studies
Trade ManufactureI Chemical Chemistry* Dielectric CTE
Name Composition constant«: ppm(C
1 KHz
Pyralin2545 DuPont 13.5%Polyimide lPMDA-ODA
- -
in NMP/ Aroma-
tic Hydrocarbon
80/20
Pyralin2555 DuPont 19%Polyimide BTDA-ODA
- -
in NMP/ Aroma-
tic Hydrocarbon
80/20
Pyralin2566 DuPont 15%Polyimide 6FDA-ODA 2.9
-
in NMP/ Aroma-
tic Hydrocarbon
75/25
Pyralin2610 DuPont 10.5%Polyimide BPDA-PPD 2.9 3
in NMP
Pyralin2611 DuPont 13.5%Polyimide BPDA-PPD 2.9 3
in NMP
Hysol4510 Dexter liquid epoxy
-
3.3 25
RicotuffLV Colorado liquid epoxy
- - -
Chern.
Relyimide61 ~ National block copolymer
- - -
Starch& of imide siloxane
Chern.
*NMP: N-Methyl-2-Pyrrolidone
PMDA: Pyromellitic dianhydride
ODA: 4,4' Oxydianiline
BTDA: 3,3',4,4' Benzophenone tetracarboxylic dianhydride
MPD: Meta-phenylenediamine
BPDA: Biphenyl dianhydride
PPD: 1,4-Phenylene diamine
'lit
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Table II. Cleaning Procedures
Substrates Cleaning Methods
Aluminum
Glass Slide
1. 30 min. clean in toluene by ultrasonic
2. 10 min. rinse in room temperature isopropanol
3. 30 min. dry at 100° C
1. 5 min. clean in room temperature acetone
,
2. 10 min. clean in boiling 15% aqueous hydrogen peroxide
3. 5 min. rinse in room temperature deionized water
4. 30 min. dry at 120° C
5.5 min. in UV/Ozone
6. 5 min. rinse in room temperature deionized water
7. 30 min. dry at 160° C
Silicon Wafer[37] 1. SC-l
10 min. in H20: H20 2 : NH40H 5: 1: 1 at 78-80°C
2. SC-2
6: 1: 1 at 78-80° C
3. 30 min. rinse in room temperature deionized water
4. 30 min. dry at 120° C
5.5 min. in UV/Ozone
6. 5 min. rinse in room temperature deionized water
7. 30 min. dry at 160° C
22
Table III : Description of Coating Processes
Organic Coating Coating Method Curing Process@ Measured#
• 1
Pyralin 2555 Spin coat; 2000 rpm, 30 sec 90° C - 15 min. 2.5-3.5 urn
(PI 2555) 60° C - 15 min.
200° C - 30 min.
250° C -30 min.inN2
300° C -30 min.inN2
400° C -15 min.inN2
Pyralin 2545 Spin coat; 2000 rpm, 20 sec 90° C - 15 min. 5-10 urn
(PI 2545) 160° C - 15 min.
250° C - 15 min.
300° C -30 min. inN2
Pyralin 2566/ Spin coat; 2000 rpm, 30 sec 150°C-10 min.hot plat( 4um
Aluminum ; 3000 rpm, 30 sec 200° C - 60 min. 3um
; 4000 rpm, 30 sec 360° C - 30 min. 2 urn
Pyralin 2566/ Spin coat; 2000 rpm, 30 sec 150°C-10 min.hot plat( 3 urn
Copper ; 3000 rpm, 30 sec 200° C - 60 min. 2 urn
360° C - 30 min.
Pyralin 2566/ Spin coat; 2000 rpm, 30 sec 150°C-10 min.hot platE 4.5 urn
Si3N4 ; 3000 rpm, 30 sec 200° C - 60 min. 3 urn
; 4000 rpm, 30 sec 360° C - 30 min. 2um
Pyralin 2610/ Spin coat; 4000 rpm, 30 sec 25°C-100°C 20 min. 1.2 urn
Aluminum ; 3000 rpm, 30 sec 150° C - 30 min. 1.5 urn
; 2000 rpm, 30 sec 150°C-350°C 30 min. 2um
350°C -30 min.inN2
350° C _25° C
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Table III continue
Organic Coating Coating Method Curing Process@ Thickness=#
Pyralin 2610/ Spin coat; 2000 rpm, 30 sec 25°0-100°C -20 min. 1.1 urn
Copper ; 3000 rpm, 30 sec 150° 0 - 30 min. 1 urn
; 4000 rpm, 30 sec 1500 0-350°C-30 min. 0.8 urn
350° C - 30 min.inN2
350° 0 - 25° 0
Pyralin 2610/ Spin coat; 2000 rpm, 30 sec 25°0-100°0 -20 min. 4um
Si3N4 ; 3000 rpm, 30 sec 150° 0 - 30 min. 1.2 urn
; 4000 rpm, 30 sec 150°0-350°0 -30 min. 1.2 urn
350° 0 - 30 min.inN2
350° 0 - 25° 0
Pyralin 2610/ Doctor blade 50° 0 - 60 min. 60 urn
99.9% Al plate 100° 0 - 60 min.
150° 0 - 60 min.
200° 0 - 60 min.inN2
350° 0 - 45 min.inN2
Pyralin 2611/ Spin coat*;2000 rpm,30 sec 135° 0 - 30 min. 10 urn
Aluminum *;3000 rpm, 30 sec 200° 0 -30 min. 4.5 urn
**;4000rpm,30 sec 350° 0 -60 min.inN2 3 urn
Pyralin 2611/ Spin coat*; 2000 rpm,30 sec 135° 0 - 30 min. 5.5 urn
Copper *; 3000 rpm,30 sec 200° 0 - 30 min. 4.5 urn
350° 0 - 60 min.inN2
Pyralin 2611/ Spin coat*; 2000 rpm,30 se< 135° 0 - 30 min. 6 urn
Si3N4 *; 3000 rpm,30 sec 200° 0 - 30 min. 4.5 urn
**;4000rpm,30 sec 350° 0 - 60 min.inN2 3.5 urn
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Table III continue
() . r.. r.. • 11K ,1. ..1 r.llrinO' n .~ 'T't., • _1 . .11
Pyralin 2611/ Spin coat*; 3000 rpm,30 sec 135°C - 30 min. 2.5 urn
Gold 200°C - 30 min.
350°C - 60 min.inN2
Hysol4510 Doctor blade 70°C - 20 min. 25 urn
150°C - 3 hrs. 75 urn
125 urn
Ricotuff LV Doctor blade 120°C - 2 hrs. 80 urn
Rely-imide613 Spin coat; 1000 rpm,20 sec 150° C - 30 min 1.5 urn
200° C - 2 hrs 3um
@: Curing process used were either manufacturers' recommended or as per
reference[38] .
#: Thicknesses were measured using a Dek Tek.
*: PI 2611 diluted with thinner T9039 in the ratio 8 : 1
**: PI 2611 diluted with thinner T9039 in the ratio 2 : 1
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2.3 Adhesion Measurements
Contact Angle Measurements .
Contact angle measurements were also conducted to characterize the adhesion
of polyimide to an aluminum substrate in terms of its wetting behavior. Contact
angles(CA) of water were obtained by using a Rame-Hart Model 100 contact angle
goniometer in 50-70% RH. Advancing angles were measured just prior to the
advance of the drop, when its volume increased. The advancing contact angle, ()a,
is the largest angle formed when the periphery of a drop advances over a solid
surface. The advancing contact angles were measured on polyimide and
aluminum before and after pressure cooker test.
Lap-Shear Tests
Lap-shear tests were conducted to characterize the adhesion of polyimide to an
aluminum substrate. The surface of aluminum alloy 2024-T( 101.6 mm. x 25.4
mm. x 1.625 mm.) substrates were cleaned according to the procedure described
in Table II. The cleaned substrates were covered with polyimide solution and
lightly baked(90° C for 15 min., and 160° C for 15 min.) and again covered with
polyimide solution. Two substrates were overlapped at their ends with the length
of 12.7 mm., under pressure, to form a single lap-shear specimen. After drying,
the specimens were tested on an 1101 Instron with cross-head speed of 0.5
mm./min., according to ASTM D3164. The lap shear strengths were calculated as
the load at failure divided by the overlapped area. Figure 6[39]
represents the single lap shear test.
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F
Peel Test
Peel tests were also conducted to characterize the adhesion of polyimide to an
aluminum substrate. The surface of the pure aluminum substrate(127 mm. x 25.4
mm. x 101.6 mm.) were cleaned according to the cleaning procedure described in
the sample preparation section, prior to the application of coatings. The peel
strengths of the polyimide/aluminum interfaces were measured using 1800 peeling
angle on an Instron with a 1000 pound load cell at a crosshead speed of 12.7
mm./min., according to ASTM D903-49. The peel strengths were calculated as
the peel force divided by the specimen width. Figure 7 is the schematic
representation of the 1800 peel test.
Microhardness Indentation Test
The microhardness indentation measurements were performed according to the
technique developed by Chiang, et al.[31]. A LECO model V-100A hardness
tester was used to measure the adhesion of the coatings to substrates. The
speCImens were indented with a pyramid-shaped Vicker's indenter at loads
ranging from 500 grams to 1000 grams and dwell times of 10 seconds. The
amount of the force applied, the size of the indentation, and the size of the
debonded area were recorded for each measurement. Five indentations were made
on each specimen and the values were averaged. The caleulations of interfacial
shear strength, interfacial bond strength, and interfacial fracture toughness were
obtained by using appendix A, B, and C respectively. A Transmitted light
optical microscope(TOM) was also used to find the locus of
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failure. Some speCImens were analyzed III reflection and transmission modes
usmg a Zeiss optical microscope.
Four-Point Bending Test
For flexural tests, specimens of dimension 127 mm. x 25.4 mm. x 1.016 mm.
were prepared to have a central notch existing through the thickness of the top
layer and a symmetrical precrack along the interface by using 5 micron diameter
wire. The specimens then were flexed in a four-point bending fixture using an
Instron material test system interfaced to an IBM PS/2 microcomputer. The
span width used was 101.6 mm. and the crosshead speed was 12 mm./min. Figure
8[34] represents a four-point bending specimen with symmetrical interfacial
cracks. The strain energy release rate(G) was calculated using the following
equation:
G =[ M2/2E1b][ E1/E212 - I/IcJ ........ (7)
where M is equal to PI/2, with I being the spacing between the inner and outer
loading lines; and where 12 and Ic refer to the moments of inertia of the lower
uncracked beam and the composit beam respectively.
2.4 Miscellaneous Testing
Glass Transition Determination of The Organic Coatings
The glass transition temperature were determined using differential scanning
calorimetry(DSC) model Mettler TA-3000 in scanning and isothermal modes.
Coating samples of 15-20 mg were weighed in DSC pans and put inside the DSC
furnance at selected temperatures, depending on the types of coating.
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Figure 8[34]: Four-point bending specimen with symmetrical interfacial cracks
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The samples were first heated and cooled down slowly at 100 C/min. to eliminate
residual stress. The samples were then reheated again at 100 CI min. to measure
the glass transition temperature(Tg). The Tg was determined as the midpoint
temperature where a large drop in heat capacity was detected.
Scanning Electron Microscopy
The specimens from microindentation test were mounted on SEM stubs using
a conductive cement. SEM was performed using JEOL 840 F instrument at 1
KV.
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3. RESULTS AND DISCUSSION
3.1 The Comparison of Adhesion Measurement Tests
In an attempt to relate the moisture protection capability to adhesion strength
of coating, several adhesion tests were conducted. To compare the adhesion
measurement tests, epoxy, polyimide-siloxane, and polyimide were chosen as the
coating and aluminum and silica based triple-track-testers[Figure 9][40] were
chosen as the substrates. The results of the indentation tests, four-point bending
test, peel tests and single lap-shear tests both before and after accelerated stress
condition are presented in Figures 10, 11 and 12 respectively.
The microindentation test is unique in being capable of measuring the three
fracture parameters(interfacial shear strength, interfacial bond strength, and
interfacial fracture toughness) at the coating/substrate interfaces. The area at the
interface between coating/substrate is a major concern in microelectronic
packaging since most of the electrochemical reactions and the presence of water
layer at the coating/substrate interface are essential for the corrosion process to
spreed[41,42]. The microindentation technique consists of loading a coated surface
with an indenter until a critical load is reached to initiate an interfacial crack.
The interfacial crack between the coating and substrate is critical since they were
used to quantify adhesion. In this study, the interfacial crack were observed
using the reflected light optical microscope. Figures 13(a-d) contains optical
micrographs taken using reflected light showing interfacial cracks between the
polyimide coatings and the glass substrate before and after PCT exposure.
Table IV compares the indentation shear strengths with those obtained by
single-lap shear test. Note that it was not possible to measure the lap-shear
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strength of the polyimide coatings smce most coatings delaminated during peT
exposure. However, the strengths measured by the indentation test are considered
to be quite high in comparing to the result obtained by Ritter et al.[25].
However, this technique is still under development. For indentation bond
strength, the strength also seemed to be slightly higher than the one obtained by
Sura et al[24]. The higher in interfacial shear strength and bond strength in our
case may be due to the fact that the polyimide used in our study adhere better
than the one used by Ritter et al or by Sura et al. On the other hand, it is also
believe that these large calculated shear strengths are due to the constraints
placed on the system such that a significant compressive stress is still present at
the boundary.
In terms of interfacial fracture toughness, the result from microindentation
test[Figure 10] were also compared to the result from four-point bending test.
The result from four-point bending test is about a factor of two lower than the one
by microindentation test or the four-point bending result obtained by Evans et
al[34]. The lower interfacial fracture toughness may due to the residual stress of
the thicker coating in the four-point bending specimens that caused the lower
interfacial fracture toughness. Nevertheless, the interfacial fracture toughness by
microindentation seemed to be the most reliable method to determine adhesion,
since the adhesion strength seemed to be in agreement with those published in the
literature and it also shows less experimental scatter than those measured by the
peel test[Figure 12] or other methods.
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Figure 12: Adhesive strength of polyimide 2610 to aluminum by peel test
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Figure 13: Micrographs of interfacial crack in polyimide/glass
by microindentation test. a) 200 grams load, 0 day peT time
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Figure 13: b) 200 grams load, 7 days peT time
40
cFigure 13: C) 200 grams load, 14 days PCT time
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Coating Type Failure Type Kc(MPa-mA .5) Tc(MPa) O"c(MPa
RicotuffLV II 0.18 82 2100
before PCT
RicotuffLV II 0.10 48 1600
after PCT
Rely Imide III 0.77 2083 450
before PCT
Rely Imide III 0.50 1612 360
after PCT
Table IV: Preliminary Result of Adhesion Characterization
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3.2 The Effect of Coating Thickness
Hysol 4510, a filled epoxy was used as a coating in studying the effect of
coating thickness on adhesion. Hysol 4510 was applied to glass substrates in three
thicknesses: 25 75, and 125 microns by doctor blade. Interfacial fracture
toughness results as a function of indentation load are shown in Figure 14. At no
accelerated stress condition(PCT = 0), there was an influence of coating thickness
on interfacial fracture toughness. However, the dependence of interfacial fracture
toughness on coating thickness is not due to a failure in the test method but
appears to be due to residual stresses in the coatings themselves. The residual
stresses arise mainly from the difference between the thermal expansion
coefficients of coating and substrate. This difference causes unequal contractions
in the film and the substrate as the system is cooled down from the cure
temperature, accompanied by the formation of residual stresses at the interface.
The thinner coating gave higher interfacial fracture toughness values than thicker
coating under no accelerated stress condition. This could be attributed to the
load sharing of the substrate. The thicker coating, on the other hand, showed a
stronger tendency for delamination than a thinner coating after PCT tests. The
higher residual stress in a thicker coating was a result of higher shrinkage and void
nucleation and growth in the films during solvent volatilization in a cunng
process. The effect of shrinkage due to solvent evaporation can also be offset
partially by the formation of pinholes or entrapped bubbles. In general, the
distribution of microvoids increases with film thickness, these microvoids or
']
defects can act as stress-concentrators and causes local delamination of the film
from the substrate. The higher residual stress in the thicker coating of polyimide
on silicon wafer was also observed by Noyan et al.[43]. This result supports the
hypothesis that residual stress can influence the adhesive strength of the coating
substrate bond.
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3.3 Hydrolytic Stability of Various Coating/Substrates Combinations
Copper, aluminum, silicon nitride and polyimides are often used III the
fabrication of high density, high performance multichip modules. The service life
of the chips depend on the hydrolytic stability of these organic materials in the
field. To simulate the field conditions, the hydrolytic stability of these materials
were studied by evaporating the metallization layers onto 0.30 mm thick (100)
silicon wafers and spinning-on polyimides onto the metallization layers and
subjecting the samples to a accelerated stress test for 0, 1, 3, 7, and 14 days. The
result[Figure 15] showed that polyimide/aluminum adhesion appears to be more
resistant to PCT exposure than the polyimide/copper or polyimide/silicon nitride
or polyimide/ silicon oxide. This result seemed to support that was found by
Reche[44] on polyimide/aluminum structures have been proven to be acceptable
from a reliability point of view. On the other hand, polyimide/ copper also
showed an interesting result in initial improvement in adhesive strength with PCT
exposure. The increase in copper/polyimide adhesion is in agreement with
Boerio[45]. The increase in adhesion may due to the copper oxide(Cu20) complex
with the polyamic acid possibly forming a cupric carboxylate salt[46-48]. The
formation of a copper salt at the interface could be described as:
CU20 + 4RC02H + 1/202 ) 2Cu(RC02)2 + 2H20
where RC02H is an acid formed as a result of primary oxidation of the
hydrocarbon chain in polyimide. Figure 16[49] represents the copper complex
formation.
In the case of silicon nitride which often be used to protect ionic
contamination in silicon wafer, the result also showed that silicon nitride exhibited
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poorer adhesion to polyimide than aluminum or copper, however, silicon nitride
seemed to be quite stable with PCT exposure and exhibited higher adhesion to
polyimide than silicon oxide.
In terms of coating materials, different coating materials to the same substrate
performed differently when exposed to pressure cooker testing. For
polyimides on aluminum, polyimide 2610, low molecular weight and thinner
coating appears to be more resistant to PCT exposure than the higher molecular
weight, and thicker coating(polyimide 2611) or fluorinated polyimide(PI
2566).[Figure 17]. For polyimide and epoxy on glass, polyimide showed higher
adhesive strength to PCT exposure than epoxy[Figure 18].
The change in interfacial fracture toughness with PCT exposure is believed to
cause by a hydrolytic degradation reaction which is taken place either in the bulk
polymer or at the coating/substrate interface. The hydrolytic degradation
reactions were also comfirmed by Pryde[l] usmg Fourier Transform-IR
Spectroscopy. He found that two reactions occurring in polyimides exposed to
high temperatures and humidities: hydrolysis of the imide linkages and hydrolysis
of residual anhydride end groups. The hydrolytic degradation of polyimides in
our work was studied by using DSC. Figures 19 and 20 showed the glass
transition temperature versus PCT time for polyimide 2555 and polyimide 2566.
The decrease in glass transition temperature during PCT exposure suggests that a
hydrolytic degradation reaction may have taken place in the coatings.
Interestingly, the PCT time required for a significant drop in the glass transition
is nearly the same as the time required for decrease in adhesion. The glass
transition temperature versus PCT time for epoxy was also measured, The result
showed that the Tg of epoxy changed from 1500 C to 1350 C within 2 days of
PCT exposure. This indicated the hydrolytic instability of epoxy coating. In
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general, moisture exposure can cause damage in the form of voids and cracks
within the polymer, giving rise to an increase solubility of water within the
coating. The water sorption by epoxy coating was also reported by Mcmaster and
Soane[50] to reduce the glass transition temperature. It is well known that the
water sorption in epoxy can depress the Tg of epoxy by either plasticization or
screening inter-chain interaction[ll]. Lefebvre et al.[51] also reported the loss in
adhesion of epoxy/glass above the threshold humidity. The loss in adhesion of
epoxy/ glass in PCT exposure was believed to cause by water condensing on the
OH groups of the epoxy, thereby breaking the inter-chain hydrogen bonds and
displacing absorbed OH groups from the surface of the substrate.
Water contact angle measurements were also conducted on PI 2610/
aluminum to determine the change in the surface properties of the
coating/substrate[Table V]. It was found that the water contact angle decreased
with PCT exposure. This clearly indicated that the coating/substrate interface
becoming more hydrophilic in nature. This result also confirmed the occurring of
a hydrolytic degradation reaction in the coating.
The adhesion measurements were also correlated to the leakage current
measurements[Figures 21]. Interestingly, the PCT time required for a drop in
adhesion in nearly the same as the time required for increase in leakage current or
decrease in the moisture protection capability index, pQ. The moisture protection
capability index, pQ, is defined as follows:
.......... (8)
where i designates leakage current and e and b subscripts designate encapsulated
and blank test device respectively. The index, ie is dynamic with the value
changing with the PCT exposure time. The ib factor was kept constant at the
initial leakage value of the uncoated tester. It is our hypothesis that the moisture
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protection capability of the coatings is related to the adhe~ive bonds at the
coating/substrate interface and the mobility of ionic impurities in the organic
coating. The mobility of the ions at the substrate/coating interface is assumed to
increase with the weakening of the adhesive bond. Increased ionic mobility gives
rIse to increase leakage currents when a bias voltage is applied.
48
0.3
Coaling thicknes= 1.5 lUt1
• AI
--
- -~ - SiD
-B- SiN
-~ Cu
--
-
0-,
/
/
'x.. --0~o-- _
- 'X- - - - - ~ _~-~ _ =-=-: ~
V1 0.25
<E
dl
l:I..
6 0.2V>V>
• OJ
.E
OJ)
;]
~ 0.15~
a
u
'"~
til 0.1
'u
-t
~
,$
0.05
o
o 3 6 9 12 15
peT Time(days)
Figure 15: The effect of polyrner(PI 2610)jrnetals interaction by
rnicroindentation test
49
Figure 16[49]: The Formation of CopperjPolyimide Complex
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Table V: Contact Angle Measurement of Polyimide 2610/Aluminum
PCT(days) Aluminum PI 2610
0 51.3 ±4.1 44.2 ±2.0
1 48.8 ± 2.4 51.7 ±2.6
3 46.2 ± 3.5 40.5 ± 1.7
7 45.1 ± 2.0 39.6 ± 3.2
14 44.7 ± 1.8 37.3 ± 2.2
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3.4 Thickness Effects in Accelerated Stess Conditions
Epoxy and polyimide coatings were used in the study of the thickness effects
In Pressure Cooker exposure tests. Epoxy(Hysol 4510) was applied to glass
substrates by doctor blade in three thicknesses: 25, 75, and 125 microns.
Polyimides(PI 2610, PI 2611, and PI 2566) were applied to aluminum by spin-on
coating and drop-top coating. Interfacial fracture toughness results of epoxy and
polyimides as a function of PCT time are shown in Figures 22, 23, 24, and 25
respectively. There was an influence of coating thickness on interfacial fracture
toughness as mention earlier. For epoxy, the thicker coating showed a poorer
adhesion than a thinner coating in PCT exposure. The poor adhesion of thicker
epoxy coating was due to the combination of higher residual stress and higher
preexisting microvoids, and residual voids in the thicker coating[43]. The higher
residual stress and microvoids and defects tended to delaminate the coating from
the substrate under no accelerated stress condition as mention earlier. In the
condition of above the threshold humidity(PCT), the situation gets even worse,
since the preexisting crack or damage zone from microvoids and existing residual
stress allowed the moisture to enter and condensed on the OH groups of the
epoxy, thereby breaking inter-chain hydrogen bonds and displacing absorbed OH
group from the surface of the substrate, eventually causing the loss in
adhesion. [51] For polyimides/Aluminum, by spin-on coating, the thicker coatings
appear to be more resistant to PCT exposure. The epoxy and polyimide results
indicated that there is an optimum thickness in the coatings. The differences
between the epoxy and polyimide is due to the absolute thickness of the coatings:
the thickness of polyimide coating was in the range of 1-10 microns comparing to
60-80 microns in the case of epoxy coating. However, polyimide/aluminum
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by drop-top coating(30-50 mIcrons thickness), most of the coating
delaminated from the substrate in PCT exposure. The reason for the
delamination of thicker coating of polyimide was the same as in epoxy coating.
3.5 Surface Modification to Improve Adhesion
Hysol 4510, a filled epoxy was used as a coating in study the effect of acid-
base interaction on adhesion. Two sets of glass slides were prepared, only one set
of glass surface was acid-treated with dilute HCl(5%) before appplying the
coating. The result[Figure 26] showed that the acid-treated glass bonded more
strongly to the epoxy than the basis glass. The result is in agreement with that
reported by Fowkes[52] on the adhesion of basic PMMA on acidic glass. In
general, the ordinary glass has only basic surface sites because the strongly basic
alkali metal silicates dominate the surface chemistry[20], therefore it cannot form
any acid-base bonds to a basic polymer, epoxy. However, when a glass was acid-
treated with dilute HCI, the temporary film of silicic acid generated on the basic
surface of glass. This acid film can form an acid-base interaction with basic
epoxy, hence it enhances adhesion.
The benefits of the modification of the surface acidity in glass was also
observed by Zeiss optical microscope. . The local spots of debonding[Figure 27]
appeared to be less in epoxy on acidic glass under PCT exposure. This indicated
that the acid-base interaction enhancing the adhesion of coating to the substrate.
However, the acid-base interaction decayed with time and this can be observed by
the increasing in the number of the debonding spots with PCT time.
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Figure 26: The Effects of Acid-Base Interaction on Adhesion of Epoxy/Glass
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aFigure 27: The Local Spots of Debonding of Epoxy from Glass under PCT
Exposure a) epoxy/glass with/without acid-treated, 0 day PCT time
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bc
Figure 27: b) epoxy/glass no acid-treated, 1 day peT time
c) epoxy/glass acid-treated, 1 day peT time
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de
Figure 27: d) epoxy/glass no acid-treated, 2 days PCT time
e) epoxy/glass acid-treated, 2 days PCT time
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fg
Figure 27: f) epoxy/glass no acid-treated, 3 days PCT time
g) epoxy/glass acid-treated, 3 days PCT time
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4. CONCLUSIONS
Based on the present adhesion study, the following conclusions can be made:
1. An indentation-induced debonding test can be used to determine the adhesive
strength of polymer coating/substrate. The adherence measurements are
reproducible and simple. The test appears ideal in establishing trends in the
adherence 6f a given coating/substrate system and in comparing adherence
between different coating/substrate combination.
2. Through measuring adhesion, the indentation-induced debonding test is also
capable of detecting changes in the polymer/substrate interface. The
hydrolytic stability of those interfaces can be monitored using the
microindentation test. Adhesion measurements by microindentation test
indicated that the adhesive strength of either epoxy or polyimides with
aluminum or glass decreased with the increasing PCT time. These results
correlate well with the decrease in moisture protection capability index, pQ
with PCT exposure.
3. The coating thickness can have an influence on adhesion. Higher residual
stress in a thicker coatings was believed to cause the delamination of these
coatings from the substrate as compared to thinner coatings.
4. The surface modification of either coatings or the substrates may enhance the
adhesion. Our results are preliminary, but surface modification appears to be
critical to the hydrolytic stability of the organic coatings/substrate interface.
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5. FUTURE WORK
Further work is needed to characterize the adhesion of polyimides or other
type of glassy polymeric coatings with opaque substrate. Since it is very difficult
to determine the crack length on the opaque sample of alumina by micro-
indentation test. Other types of adhesion measurements such as four-point
bending or cantilever beam should be considered as an alternative method in
adhesion measurement of glassy polymeric coating on opaque substrate. The
video-camera should also be equipped with the mechanical test in the adhesion
measurement using four-point bending test or canti-Ievel beam test, since it is
very difficult to detect the cracks with naked eyes. The application of a scanning
electron microscope should be used to enable more accurate measurements of the
indentation. A nano-indenter should also be evaluated on thin coating. The main
emphasis of this work was on the glassy polymers, little attention had been
looking into the gel or an elastomeric coatings.
For the gel or Eflastomeric coatings, the adhesion measurements such as the
I
blister tests should be considered, since it is impossible to be done by
microhardness indentation or other types of mechan~cal tests due to the softness of
the silicon organic coatings. Finally, the thickness effect on adhesion, the
polymeric coating/metal interaction in the case of copper/polyimide, the acid-base
interaction by modifying the surface of the substrate and the correlation of
adhesion measurements with moisture protection capability index, pQ, should be
further verified.
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Appendix A: Calculation of Interfacial Shear Strength
p
fffff ftlt~H'
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Figure 28[25]: A schematic diagram of an indentation with load sh~ring.
Equations:
Type II:
'tinter == HC f (b V k)
C . h"
Type III:
'tinter = HC f (12 V k)
C h' ,
PHC=_c_
where . 2 b~
Where 't~nter is the interfaciai shear s~ength.
He is the hardness of the coating.
f (f' v, k) uses a modified Bessel function of the second kind..
v is the Poisson's ratio of the coating.
k is the ratio of the yield strength to the coating hardness (2.25).
Pe is the critical load for debonding.
be is half of the diagonal length of the coating/indenter contact area.
HS is the hardness of the substrate.
ac is half of the diagonal length of the substrate/indenter contact
area.
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Appendix B: Calculation of Interfacial Bond Strength
.1b
~: Cone Indent.erI __L ~ e . Filmh~ I ,.£f----'"-----t ( I Substrate
--iar-
I.
Figure 29[23]: A schematic diagram of a side view of an indentation with bucking.
Equation:
Where 0~nter is the interfacial bond strength.
e is half the cone angle.
x is the ratio of alb.
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Appendix C: Calculation of Interfacial Fracture Toughness
a
Plastic'Zone
Film
Crack
Substrate
b
h
Figure 30[32]: A schematic diagram of the side view of an indentation with a
lateral crack.
Kc = E a3cot0
481t(i-~)b2,[h
Where
Kc = interfacial fracture toughness
E =Young's modulus of the coating
s:; = the angle of the Vicker's indenter
~ = Poisson's ratio of the coating
h = the thickness of the coating
a = the size of the indentation
b =the size of the interfacial crack
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• • • • • • . • . (10)
Appendix D: Error estimation in determining K1c
In equation 10 ,K1c is a function of several experimental variables such as
crack length(b) and indentation size(a).
Let us suppose that
z = xa . yb
It can be shown that
......... (11)
........... (12)
where ~ IS the error involved in making the measurement.
Applying equation 12 into equation 10, we obtain
~K/K <X j 9(~a/a)2 + 4(~b/b)2 ......... (13)
For the following experimental values
At 0 day peT time: ~a = 2.0 urn, ~b = 1.75 urn, a = 73.9 urn and
b = 80.56 urn
~K/ K <X 0.09
and if K = 0.068 MPay!m then ~K <X ± 0.006 MPay!m
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